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Introduction
Non-Homologous DNA End Joining (NHEJ) is a cellular pathway that recognizes and fixes DNA double-strand breaks (DSBs) throughout the cell cycle. Core NHEJ factors include Ku70 and Ku80 (Ku86), a heterodimer that recognizes DSBs and has binding sites for multiple other NHEJ proteins.
Ligation of DNA breaks is mediated by another heterodimer that includes core NHEJ factors, the DNA ligase 4 (Lig4) enzyme and its binding partner, XRCC4. DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) and nuclease Artemis are accessory NHEJ factors, yet all of these proteins are individually required for lymphocyte development [1] . XRCC4-like factor (XLF) [2, 3] and paralog of XRCC4 and XLF (PAXX) [4] [5] [6] are NHEJ factors whose function remains to be determined. [1, 7] . CSR is also dependent on NHEJ and the DDR, although it can be robust, reaching about a half of wild type level, even in the absence of core NHEJ factors, likely due to the activity of DNA Ligase 1 and DNA ligase 3 [8, 9] .
Mutations in several NHEJ factors in human are associated with developmental disorders that include immunodeficiency, neurological abnormalities and cancer [1] . A number of mouse knockouts were generated to model and investigate effects of NHEJ deficiency in vivo. Ku70- [10] and Ku80- [11] deficient mice are live-born, possess blocks in B and T lymphocyte development, and show moderate levels of p53-mediated apoptosis in central nervous system (CNS) [12] . Differently, deficiency for Lig4 or XRCC4 leads to p53-mediated late embryonic lethality in mice associated with high levels of apoptosis in the central nervous system [13] [14] [15] [16] [17] . Knockout of DNA-PKcs or Artemis results in live mice with immunodeficiency due to defects in B and T lymphocyte development [18, 19] , although a kinase dead (KD) mutation of DNA-PKcs results in embryonic lethality associated with neuronal apoptosis [20] . The XLF knockout results in nearly wild type mice with a mild reduction of lymphocyte count [21, 22] , and knockout of PAXX does not lead to any detectable phenotype in mice [23, 24] .
Inactivation of several NHEJ genes simultaneously allows studying genetic interactions within this pathway in vivo. For example, inactivation of Ku80 rescued embryonic lethality of Lig4-deficient mice [25] and mice with catalytically dead DNA-PKcs [20] . Inactivation of Ku70 also rescued lethality of Lig4-deficient mice [26, 27] ; moreover, combined inactivation of XLF and DNA-PKcs [28] or XLF and PAXX resulted in synthetic lethality [23, 24] . XLF overlaps functionally with multiple factors in mouse development, lymphocyte development and maintenance of genomic stability. We and others have found that XLF-deficient lymphocytes are proficient in V(D)J recombination due to compensatory functions of other NHEJ factors, such as DNAPKcs [28] and PAXX [23, 24, 29, 30] ; the DDR factors, such as ATM and H2AX [31] , 53BP1 [32, 33] ; and RAG [34] . Combined inactivation of XLF and H2AX leads to early embryonic lethality [31] , while mice with double deficiency of DNA-PKcs and XLF [28] or PAXX and XLF [23, 24] possess late embryonic lethality, resembling deficiency for XRCC4 or Lig4 [15, 16] . In the latter cases, the embryonic lethality is associated with massive cell death, including in the CNS. Besides functional overlap with XLF, DNA-PKcs is also functionally redundant with the related protein kinase ATM in aspects of mouse development, CSR and V(D)J recombination [35] [36] [37] .
Here, we demonstrated that genetic inactivation of Ku70 rescues embryonic lethality of XLF/DNA-PKcs double-deficient mice; moreover, combined inactivation of Ku70 and XLF results in live mice phenotypically indistinguishable from Ku70-deficient littermates.
Materials and Methods.

Mouse models
All experiments involving mice were performed according to the protocols approved by the Animal Resources Care Facility of Boston Children's Hospital (ARCH), University of Copenhagen and Norwegian University of Science and Technology (NTNU). Ku70 +/- [10] , XLF +/Δ [21] , DNA-PKcs +/- [16] and p53 +/- [38] mice were previously described.
Tail fibroblasts
Primary murine tail fibroblasts were generated and cultured as described [28, 33] . Briefly, mouse tail skin was separated from the rest of the tail, cut into about 4 mm 2 pieces, and treated with 2 mg/mL collagenase II (Gibco) in DMEM supplemented with 15% (vol/vol) heat-inactivated FCS and antibiotics for 24 h at 37°C, at 5% (vol/vol) CO2 incubator. After being filtered through a 70-μm nylon cell strainer (BD Falcon), cells were washed in DMEM supplemented with 15% (vol/vol) FCS and plated. Fibroblasts from the second or third passages were used for telomere FISH assay.
Telomere FISH
Metaphases were prepared and chromosomal aberrations were counted as described [28, 33, 39] . The murine tail fibroblasts were synchronized with 100 ng/mL colcemid (KaryoMax, Gibco) for 6h. Then, the cells were treated with trypsin in PBS solution, washed with PBS, and lysed in 75 mM KCl (37°C, 20min). Fibroblasts were fixed in methanol:acetic acid (3:1) as described [39] . Telomeres were visualized with a Cy3-labeled fluorescent CCCTAACCCTAACCCTAA probe (Applied Biosystems). To visualize DNA, the samples were treated with DAPI (Vector Laboratories). Images were obtained with Eclipse microscope (Nikon). Chromosomal breaks were defined as a clear loss of telomere signal from both sister chromatids, and loss of telomere signal from one of the chromatids or clear absence of DAPI in the middle of one chromatid were defined as chromatid breaks. 
Results
Generation of Ku70
Ku70 is epistatic with XLF and DNA-PKcs in maintaining genomic stability
Combined deficiency for XLF and DNA-PKcs leads to high levels of genomic instability in murine fibroblasts measured as proportion of metaphases with chromosomal and chromatid breaks [28] .
Should XLF have Ku-independent functions in maintaining genomic stability, we would expect an (Fig. 4) . Moreover, the levels of genomic instability in Ku70 similarly abrogated in these two distinct genetic deficiencies (Fig. 4) . 
Haploinsufficiency for p53 rescues embryonic lethality of XLF
Discussion
Models to explain genetic interaction between Ku70, DNA-PKcs and XLF
The loss-of-function principle is widely used in current genetic studies of the NHEJ pathway.
Traditionally, only one gene is inactivated; yet recent studies reveal that simultaneous inactivation of several genes is necessary to study functional overlap between proteins and to draw the most precise models of cellular pathways. Mice with inactivated Ku70 and Ku80 are alive but of smaller size than wild type littermates [10, 11] . Deficiency for DNA-PKcs or XLF leads to live-born mice with modest DNA repair defects [18, 21, 22] . DNA-PKcs forms the DNA-PK holoenzyme with the heterodimer Ku70/Ku80, and while the function of the catalytic subunit depends on the presence of Ku, inactivation of either the Ku70 or Ku80 gene will disrupt the whole DNA-PK complex [1, 42, 43] . Combined inactivation of XLF and DNA-PKcs leads to perinatal lethality in mice and abrogates NHEJ [28] . Here, we proposed and experimentally verified two models that would explain the genetic interaction between Ku, DNA-PKcs and XLF (Fig. 5 ). In one model, XLF has functions in mouse development and DNA repair independent of Ku and potentially outside of NHEJ. In this case, XLF has functional redundancy with the entire DNA-PK holoenzyme, and combined inactivation of Ku and XLF would result in similar perinatal lethality as described for DNA-PKcs littermates by size and levels of genomic instability (Fig. 2-4 Inactivation of one or two alleles of Trp53 gene (p53) is also known to rescue the embryonic lethality associated with knockouts of downstream NHEJ factors XRCC4 and Lig4 [13, 14] . In this case, reduction of p53-dependent apoptosis may keep cells with accumulated DNA damages alive and extend the time necessary for alternative end joining to identify and fix a likely critical number of DSBs above a threshold that is compatible with life.
DNA-PKcs deficiency combined with XLF knockout
There are several mouse models with mutations in DNA-PKcs gene. [20] . Complete knockout of DNA-PKcs [18] leads to live mice with no expressed DNAPKcs protein; and a spontaneous mutation derived from the in inbred classical SCID mouse line also results in alive mice [45] . This latter mouse model carries minor modification at the C-terminus of the 
